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9ABSTRACT
In recent year, Researches on flexible energy storage devices used in various fields such as 
wearable devices, roll-up displays, electronic sensors, and foldable mobile phones have been attracted. 
Rechargeable batteries such as lithium ion batteries (LIBs) and supercapacitors or electric double 
layer capacitors (EDLCs) are representative devices that can be applied to flexible energy storage 
devices. But they have differences in applications. Supercapacitors have been developed for high 
power applications due to their high-power density, rapid charge/discharging, and longer operation 
lifetime that LIBs. On the other hands, LIBs have higher energy densities than them of 
supercapacitors and it used as high energy applications. Flexible supercapacitors and batteries require 
various properties such as light weight, good electrochemical performances, and high power/energy 
density. In particular, good mechanical durability, even in situations where it is folded and crumped, is 
a key component in addition to having a high power/energy density. 
At this paper, we designed carbon electrode to guarantee flexibility of symmetric electric double 
layer capacitors by using three different dimensional carbon materials. These carbon materials were 
combined to gain the flexibility as well as high performances. Three-dimensional graphene (3D-Gn*) 
is highly capacitive but poorly-conductive and it is used as a platform for electric double layer 
formation. One-dimensional carbon nanotube (1D-CNT) plays a role as an electrically conductive 
highway. And finally, two-dimensional graphene (2D-Gn) makes them facilitate electron 
communications between 3D-Gn* and 1D-CNT. And we used a flexible polymer substrate that is 
Polyethylene terephthalate micro fiber (PET MF) mat having polyacrylonitrile nanowire (PAN-NW) 
back-layer on a face (PET-MF/PAN-NW). In terms of mechanical properties, the 1D-CNT is used to 
reinforce the active composite layer by anchoring between the 3D-Gn* that was active material and 
flexible polymer matrix (PET-MF/PAN-NW). Consequently, the symmetric EDLC used multi-
dimensional carbon composites anchored to flexible substrates was operated at 3V, ensuring high 
energy densities even under repetitive mechanical stress conditions. 
10
Chapter 1. Review of supercapacitors.
1.1 Introduction
The increasing cost of fossil fuel and environmental pollutions such as global warming have caused 
attention of friendly energy-generation and storage technologies. In particular, many people are 
interested in researches on energy storage devices such as batteries and electrochemical 
supercapacitors. Among them, electrochemical supercapacitors have attracted significant attention due 
to their high power density and long life cycle1,2.
The electrochemical supercapacitors are composed of two electrodes and separator that positioned 
between electrodes3,4. And they can be divided into two types depending on the method of charge 
storage. One is electric double-layer capacitors. For electric double-layer capacitors, charge storage 
occurs at the interfaces between the electrodes and electrolyte by using electrodes that have ideally 
polarizable properties5 (Fig. 1.1a). When one electrode is polarized to have a negative charge and the 
other electrode is polarized to have a positive charge through current collector, the cations in the 
electrolyte migrate to the negative electrode to form an electric double layer, and the anions form an 
electric double layer on the positive electrode for charging. Thus, they usually use electrodes that have 
high electronic conductivity and surface areas. The other is pseudo-capacitors that store charge by 
reversible and fast faradaic redox reactions6 (Fig. 1.1b).
As illustrated Figure 1.2, the supercapacitors have higher power densities than batteries and fuel 
cells, but they have lower energy densities. However, they can store more electricity than 
conventional condensers. The supercapacitors have high power densities because it can charge and 
discharge with a very large current density. This is because it is physically charged and discharged on 
the electrode surface or the charge transfer reactions proceed only on the electrode surface, so that it is 
not necessary that the ions diffuse into the bulk of the active material on the electrode like the 
batteries. Therefore, the degradation of electrode is not so severe that it can be used semi-permanently. 
But, since the charge is stored only on the surface of the electrode, the energy density is small due to 
the small storage capacity. On the contrary, in the case of the battery, the faradaic reactions proceed 
inside of the active materials on the electrode, so the electric storage capacity is large and energy 
density is also large. However, the power densities are lower than that of supercapacitors because 
diffusion of ions into active materials is slow8.
11
Figure 1.1 Schematic illustration for (a) an EDLC, (b) a pseudocapacitor9.
12
Figure 1. 2. Ragone plot of energy versus power density for various ESS electronics10.
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1.2 Carbon materials in EDLC
Carbon materials are used to fabricate supercapacitors as electrode materials in various forms8 (Fig.
1.3). Due to the properties such as high surface area, low cost, availability, and established electrode 
production technologies, they usually used as electrode materials in supercapacitors. As shown in 
Figure 1.4a, rectangular shape of cyclic voltammetry curves of carbon materials show that the carbon 
materials are appropriate materials for supercapacitors. Also, carbon materials show triangular 
symmetrical distribution in galvanostatic charge-discharge profile (Fig. 1.4b)10. It indicates that they 
have good capacitive properties for supercapacitors. Normally, the electrochemical double layer is 
formed at the interface between the electrode and electrolyte. So, the capacitance depends on the 
surface area of carbon materials that can be accumulate to electrolyte ions. There are many factors 
that influence their electrochemical performance such as specific surface area, pore-size distribution, 
pore shape and structure, electrical conductivity, and surface functionality. Among these, specific
surface area and pore-size distributions are very important factors influencing the performance of 
carbon materials. Example of carbon materials used as electrodes are carbon nanotubes, mesoporous 
carbon and graphene etc11-13.
14
Figure 1.3. Various carbon materials for EDLCs
15
Figure1.4. Electrochemical performances. (a) Cyclic voltammetry and (b) galvanostatic 
charge/discharge profiles of carbon materials55.
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1.2.1 Carbon nanotubes (CNTs) in EDLCs
CNTs have important material properties that can be very useful as supercapacitor materials. 
Among these, the most important properties of CNTs are their electronic, optical, chemical, and 
mechanical characteristics. They exhibit superior electronic conductivity and good mechanical 
properties14-16. CNTs are produced through the catalytic decomposition of some hydrocarbons, and 
careful manipulation of other parameters can generate nanostructures of various conformation and 
control their crystalline structures17. CNTs are unlike any other carbon-based electrodes, and they 
have interconnected mesopores, which allows for a continuous charge distribution that can use most 
of the surface areas. This is why the CNT-based electrodes can have a higher capacitance even though 
the activated carbon electrode have a larger surface area. Also, since electrolyte ions can diffuse into 
the mesoporous nature of CNT networks, CNTs have lower equivalent series resistance than the 
activated carbon and a higher maximum usable power18.
1.2.2 Graphene in EDLCs
Graphene is a one atom thick layer 2D structure composed of all-sp2-hybridized carbons and it has 
unique properties of high electrical conductivity, chemical stability and highly surface area (up to 
2675m2g-1)19,20. Due to these properties, recently, graphene or graphene-based materials more 
attractive for electrochemical energy storage such as Li-ion batteries, fuel cell and supercapacitors.
Especially, It has been proposed that graphene can be used as a material for supercapacitors, because 
it doesn’t depend on the distribution of pores at solid state when graphene is used as electrode 
materials of supercapacitors. it can achieve a capacitance of up to 550F/g when the entire specific 
surface area is fully utilized21. Another advantage of using graphene as electrode materials is that the 
major surfaces of graphene sheet are exterior and easily accessible by electrolyte. For energy storage 
application, there are many other methods for production of graphene such as chemical vapor 
deposition (CVD), mechanical cleavage of graphite, chemical exfoliation of graphite in organic 
solvent, unzipping of CNTs and intercalation method22-24. Among these, graphene prepared by CVD 
has good properties which are large crystal domains, monolayer structure and less defect. It can 
improve carrier mobility in electronic applications.
However, the actual capacitive behavior of pure graphene may be lower than expected due to the 
agglomeration that is it tends to restack to graphite. Therefore, to improve the overall electrochemical 
performance of graphene or graphene-based materials, the research is needed to find a suitable 
method.
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1.2.3 Mesoporous carbon in EDLCs
Activated carbons use as electrode materials of supercapacitors due to its large surface area and 
good electrical properties. Activated carbons have various physiochemical properties with large 
surface areas of up to 3000 m2 g-1 depending on the activation methods and the carbon precursor used. 
Activated carbons have porous structures that consist of micropores, mesopores and macropores. 
However, randomly connected micropores in low effective specific areas are hindered their 
advantages. It makes electrolyte ions difficult to access25. Mesoporous carbon that have larger pore 
diameter (2-50nm) is useful to supercapacitor electrode due to high specific surface area, fast ion-
transport pathway, high power density and overall supercapacitance performance26. As an example, 
mesoporous carbon by carbonization of poly(vinyl alcohol) mixture showed a specific capacitance of 
180 F g-1 in aqueous H2SO4 electrolyte. However, since the energy and power density of mesoporous 
carbon electrodes and volumetric specific capacitances can be affected by the mesoporous size and 
content, it is important that carbon materials contains appropriate mesopores and micropores for 
effective electrochemical energy storage27,28.
There are many researches on the mesoporous carbon with various size and shape of pores. And it can 
controlled via various synthetic techniques29. Li W et al prepared ordered mesoporous carbon with 
homogeneously distributed pores of regular size. It can help charge transport and storage, and it shows 
improved capacitance and rate capability29. Also, by introducing micropores, mesoporous carbons can 
improve their specific capacitance. One of the methods that introduced micropores is activation with 
CO2. Xia at al. prepared activated carbon with well-balanced population of micropores and mesopores 
by CO2 activation at 950ºC. It can help improve the specific capacitance up to 223F g-1 from 115 F g-1
in 6M KOH and it has a high specific surface area (2749m2 g-1) 30.
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Chapter 2. Multi-dimensional carbon composite for flexible supercapacitors.
2.1 Introduction
The researches on flexible energy storage are important to development of wearable devices and 
folding mobile phones33-40. Flexible supercapacitors or EDLCs are suitable for high power 
applications41. The flexibility can be given through electrode structure design, and mechanical 
properties can also be guaranteed42. Flexible substrates such as carbon cloth, graphene and polymer 
cloth helped to ensure this flexibility43-45. Nano-threads such as 1D-CNT can be anchored to flexible 
substrates, providing mechanical properties and electrical properties46. Therefore, it is important for 
flexible supercapacitors to ensure electrical conductivity to improve flexibility while maintaining 
energy storage performance.
Porous structure of 3D-Gn have high surface area to ensure high capacitance but low electron 
conductivity. In the case of 2D-Gn, it is advantageous from the viewpoint of flexibility, but there is a 
problem that the capacitance can be reduced due to the problem of restacking47-50.
In this work, a (3*+2+1)D composite electrode without a binder was presented for flexible 
supercapacitors (Fig. 2.1). 3D-Gn*s guaranteed high capacitance as active materials and 1D-CNT had 
active material fixed by anchoring on a polymer substrate. 2D-Gn is also used to compensate contact 
resistance.
19
Figure 2.1. Schematic illustration of (3*+2+1)D carbon composites.
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2.2 Experimental section
2.2.1 Materials
Fumed silica (size of 2-300nm), Polyvinylpyrrolidone(PVP), and Iron(III) chloride hexahydrate
(FeCl3×6H2O) were purchased from Sigma-Aldrich. Single-walled Carbon nanotube (SWCNT) 
dispersed in water was purchased from KH science. And graphene nano-platelet grade C (xGnP) was 
purchased from XG science.
2.2.2 Fabrication of 3D-Gn 
3D-Gn was prepared by calcination of carbon precursor mixture in a hard template in the presence 
of a catalyst for graphitization. The detailed processes of preparation of 3D-Gn are as follows. Firstly,
5g PVP and 17.5g FeCl3×6H2O were dispersed in 45ml D.I water. And this aqueous solution pour into 
9g fumed silica. The mixture was dried at room temperature under vacuum. And then dried mixture 
pyrolyzed at 900’c in continuous flow of H2/Ar at 100/1000cc min-1. Ramping rate of temperature is 
15’c/min to 900’c. Fe ions (III) are reduced to Fe metal and Fe species are cover the surface of SiO2 
particle. PVP is decomposed and diffused into the reduced Fe species. The resultant powders were 
etched by using 5 wt. % HF/HCl solution in order to remove silica and iron species for 24h. Finally, 
the etched powders washed several times and 3D-Gn was prepared (Fig. 2.2).
To achieve large specific surface area, the 3D-Gn was activated by CO2. At 900’C, 3D-Gn was 
activated for 15min under Ar/CO2 condition at 100/150 cc min-1. And cooling process was conducted 
under Ar condition. The activated resultant powder is called 3D-Gn*.
21
Figure 2.2. Schematic illustration of fabrication process for 3D-Gn.
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2.2.3 Electrode and cells. 
The (3*+2+1)D electrode was fabricated by vacuum-filtration of an aqueous solution of 1mg 3D-
Gn*, 0.3mg 2D-Gn and 1.5ml 0.1wt% CNT solution on PET-MF/PAN-NW. (3*+1)D electrode was 
fabricated without 2D-Gn by described above method. Symmetric supercapacitor coin cells were 
assembled by sandwiching a commercial fiber membrane between two carbon composite electrodes 
on flexible substrate. And electrolyte used 1M TEABF4 in acetonitrile.
2.2.4 Characterization
A scanning electron microscope (S-4800, Hitach, 10kV) and a transmission electron microscope 
(JEM-2100, JEOL, 200 kV) was used for observing morphological images. Surface area and pore size 
distribution were measured by using nitrogen physisorption analyzer (ASAP2420, Micromeritics 
Instruments). Raman spectroscopy (alpha300R, WITec) and X-rap photoelectron spectroscopy (K-
alpha, ThermoFisher) were used. Potentiostat(VSP-300, Biologic) was used for measuring cyclic 
voltammograms and chronopotentiometric curves.
2.2.5 Electrochemical quartz crystal microbalance (EQCM)
Active materials were loaded on gold-coated quartz crystal resonators and binder used Nafion. The 
active-material loading resonator, Platinum plate and Ag/Ag+ was used as a working electrode, a 
counter electrode and reference electrode, respectively. Mass of the ions participating in forming 
electric double layer on electrode (m) were calculated by multifying frequency change (Df) by a 
sensitivity factor of 900 kHz resonator (1.069 ng Hz-1). Electrochemically available surface area 
(AEQCM) can calculated from mass difference (Dm) that is the cation mass difference of ions 
participated in forming electric double layer (m) between (3*+2+1) D and (2+1) D or (3*+1)D and 1D 
with the assumption that cation monolayer was formed on the surface of 3D-Gn*56-57. : 
      =
|∆ |
      
           
 /   
where NAvogadro = Avogadro number; M3D = loading mass of 3D-Gn* on resonator = 3.33 mg; MWTEA+ 
= molecular weight of TEA+ = 130.25g/ mol ; R = radius of TEA+ = 0.68 nm27.
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2.3 Results and Discussions
2.3.1 Fabrication of multi-dimensional carbon composite
The 3D-Gn was fabricated by calcination of polyvinylpyrrolidone (PVP) and FeCl3 infiltrated in 
silica particles and then removing the silica template and FeCl3 by etching. The PVP, FeCl3 and silica 
particle used as carbon precursor, graphitization catalysts and hard template, respectively (Fig. 2.2). 
The 3D-Gn have hierarchical pore structure that involving micropores, mesopores, and macropores. 
(Fig. 2.3 a-d). Also, its surface area is 1200 m2 g-1 and pore volume is 2.0 cm3 g-1. 3D-Gn* is 
activated 3D-Gn by CO2. It showed that increased surface area (1600m
2 g-1) and pore volume (2.2 cm3 
g-1) (Fig. 2.4). The 2D-Gn showed higher crystallinity than 3D-Gn and had the advantages of high 
electron mobility along the surface of 2D-Gn. And 1D-CNT was used as an electron pathway and 
anchor to individual materials (Fig. 2.5, and 2.6). The surface area of 2D-Gn and 1D-CNT is 600 m2 
g-1 and 12 m2 g-1, respectively and it is smaller than that of the 3D-Gn* (Fig. 2.6).
The (3*+2+1)D composite electrodes were fabricated by filtering a aqueous solution that dispersed 
3D-Gn*, 2D-Gn and 1D-CNT on the PET-MF/PAN-MF membrane (Fig. 2.7). Since the PAN-MF 
layer has a smaller pore than the PET-MF layer, the 1D-CNT penetrated the PET-MF layer but not the 
PAN-MF layer. 3D-Gn* particles and 2D-Gn leaflets are anchored by 1D-CNT, and 2D-Gn leaflets 
promoted electron conduction between 3D-Gn*s and between 3D-Gn* and 1D-CNT. This (3*+2+1)D 
carbon composite electrode showed a strong integrity and showed that the individual material did not 
fall off even when the electrode was folded.
24
Figure 2.3. Morphology of 3D-Gn* (a-d).
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Figure 2.4. Activated 3D-Gn (3D-Gn*) by CO2 activation. Nitrogen adsorption/desorption isotherms 
(a). Pore size distribution (b).
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Figure 2.5. Morphology of 2D-Gn (a-c) and 1D-CNT (d-f).
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Figure 2.6. Characterization of 3D-Gn*, 2D-Gn and 1D-CNT. (a) Nitrogen adsorption/desorption 
isotherm. (b) Surface area calculated by Brunauer, Emmett and Teller equation. (c) XRD patterns. (d) 
Raman spectra.
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Figure 2.7. Morphology of (3*+2+1)D carbon composites
29
The (3*+2+1)D composite electrode was designed to fully utilize the surface area by compensating 
the contact resistance between 3D-Gn*s and between 3D-Gn* and 1D-CNT. The 1D-CNT was used 
as the main conduction path for the (3*+2+1)D composites based on high electrical conductivity. And 
it was confirmed that only 1D-CNT on polymer substrate exhibited a high conductivity (295 S cm-1). 
When the carbon composites were made using 3D-Gn* and 1D-CNT without 2D-Gn, the conductivity 
seriously decreased to 37 S cm-1 and it is considered that the contact resistance was increased. When 
the carbon composite including the 2D-Gn is made, the conductivity increased again (93 S cm-1) (Fig.
2.8). Therefore, it was predicted that the introduction of 2D-Gn would compensation the contact 
resistance by widening electron channels between two domains.
30
Figure 2.8. Electric conductivities (σ) measured by 4-point probe method of 1D, (2+1)D, (3*+1)D 
and (3*+2+1)D carbon composites.
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2.3.2 Capacitance
The (3*+2+1) D composites as both electrodes were tested in coin-type cells of symmetric EDLCs. 
And 1M tetraethylammonium tetrafluoroborate in acetonitrile was used as the electrolyte of EDLCs. 
To estimate contribution of each component in overall capacitance, (3*+2+1)D, (2+1)D and (3*+1)D 
were measured (Fig. 2.9). Then, the capacitances of 3*D and 2D were calculated by : 3*D = (3*+1)D 
– 1D ; (2+1)D - 1D. The calculated capacitances of 3D-Gn*(or 3D*), 2D-Gn and 1D-CNT were 87 
Fg3D
-1, 5Fg2D
-1, and 17g1D
-1, respectively. On the other hand, the capacitance of 3*D in (3*+2+1)D was 
calculated by (3*+2+1)D-2D-1D : 124 F g3D
-1. This value is higher than that of (3*+1)D. As the 
introduction of 2D-Gn reduced the contact resistance between 3D-Gn*s, the whole surface area of 
3D-Gn could be utilized, and it is estimated that the capacitance of 3D* in (3*+2+1)D increased.
The (3*+2+1)D-based EDLC had a higher capacitance when compared to (3*+1)D-based EDLC from 
cyclic voltammograms at 20mV s-1 ; 190 F g-1 from (3*+2+1)D versus 130 F g-1 from (3*+1)D and 
from galvanostatic discharge at 0.5 A g-1 ; 250 F g-1 from (3*+2+1)D versus 150 F g-1 from (3*+1)D. 
(Fig. 2.10). The capacity retention during repetition of charging/discharging at 10A g -1 was 98 % for 
(3*+2+1)D and 97 % for (3*+1)D at 10,000 cycles; 82 % for (3*+2+1)D and 73 % for (3*+1)D at 
100,000 cycles (Figure 2.9).
32
Figure 2.9. Capacitances. Cyclic voltammograms at 20 mV s-1 (a) and 200 mV s-1 (d). Capacitance 
calculated from a and c. Each capacitance of carbon composites calculated from b and d.
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Figure 2.10. Capacitance of (3*+2+1)D versus (3*+1)D. Cyclic voltammograms. (a and b), 
Capacitance according to scan rates.(c) Galvanostatic charge/discharge profile. (d and e) Capacitance 
according to current densities (f). Capacitance retention along repeated 100,000 cycles of charging 
and discharging at 10 A g-1. (g) Energy density versus power density in Ragone plot.
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2.3.3 Electrochemical analysis
The increased capacitance of 3D-Gn* with 2D-Gn and 1D-CNT was confirmed by mass change 
(Fig. 2.11). As the potential is swept away at the point of zero charge, the ions accumulate in the 
electric double layer of the electrode surface. Thus, the capacitance is directly related to the change in 
mass of the electrode during the potential sweep. Carbon mixture deposited on gold-plated quartz 
crystal resonators and it used as working electrode with the same electrolyte used in the EDLCs. 
Potential was swept from the rest potential found around -0.1 V Ag/Ag+ (V versus Ag/Ag+) to – 0.6V 
Ag/Ag+. The frequency and current of the resonator are measured during a potential scan. Loss of 
frequency means mass increase. In this EDLC system, tetraethylammonium ion (TEA+) formed an 
electric double layer during negative potential sweep and it caused a mass increase. After the 
backward potential scan, the frequency get the initial value at the rest potential. The frequency change 
of (3*+2+1)D was about -50 Hz at -0.6 V Ag/Ag+. It is more negative than that of (3*+1)D. It means 
the large mass change occurs at (3*+2+1)D. Electrochemically available surface area(AEQCM) was 
calculated from the mass differences of the adsorbed ions under the assumption that a monolayer of 
spherical TEA+ covers a whole surface area of active materials. The AEQCM of 3D-Gn* with 2D-Gn 
was more than two times that of 3D-Gn* without 2D-Gn. It can explain that the presence of 2D-Gn 
could help utilize the surface area of 3D-Gn* and it showed improved capacitance.
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Figure 2.11. Electric double layer formation investigated by electrochemical quartz microbalance. 
Frequency changes (Df) during voltage sweep at 10 mVs-1 (a and b). Mass differences (Dm) between 
(3*+2+1)D and (2+1)D or between (3*+1)D and 1D (c).
The porous structure of the multi-dimensional carbon composite was analyzed in terms of ions 
responsible for the formation of electric double layer. The impedance spectrum of the capacitive 
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process at the porous electrode deviated significantly from the impedance spectrum of the ideal 
capacitor at the Nyquist plot51-53. Two frequency dispersions appeared and the first frequency 
dispersion was related to the pore length. Since the ions did not reach the bottom of the pores at high 
frequency, the overall surface area of the pores was difficult to know. The classical de Levie model 
described in-a-pore distribution in which an ideal capacitive vertical line was shifted from a high 
frequency to a 45 degree phase angle line54. The second frequency dispersion is due to the distribution 
of pore sizes. Depending on the size of the pores, the penetration length of the ions was different even 
at the same frequency. Ions detected surfaces at deeper locations of larger pores. Instead of the vertical 
line (phase angle = 90 degrees), a constant-phase-angle line (45 degree < phase angle < 90 degree) 
was obtained at low frequencies. The transmission line model with pore size distribution (TLM-PSD) 
proposed by Song et al. describes this pore-sized distribution dispersion as well as the in-a-pore 
dispersion51-53. Therefore, the impedance spectrum of the multi-dimensional carbon composite 
electrode was fitted to TLM-PSD to obtain pore parameters. And the average pore lengths of 
(3*+2+1)D, and (3*+1)D were 200 mm, and 130 mm, respectively. Therefore, it can be seen that 2D-
Gn helps to reduce the contact resistance between 3D-Gn*s and to use the whole surface area of 3D-
Gn*. (Fig 2.12)
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Figure 2.12. Electrochemical impedance spectra (a). Experimental data were fitted by transmission 
line model with pore size distribution (TLM-PSD). Pore length of 3D-Gn* in (3*+2+1)D and 
(3*+1)D calculated from TLM-PSD (b).
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2.3.4 Flexibility
From the viewpoint of cohesion and/or adhesion strengths, mass change of the (3*+2+1)D and 
(3*+1)D composite electrode on the flexible substrate and 3D*|Al electrode was examined under 
repeated crumpling (Fig. 2.13a). As expected, in the case of the carbon composite on the flexible 
substrates, it was confirmed that the mass reduction was less than that of the 3D*|Al electrode and it 
did not change even at 1000 times crumpling.
Although no significant mass changes of carbon composite electrode were observed, the physical 
crack occurred due to the accumulation of repetitive external stresses. In the absence of 2D-Gn, severe 
cracks which could cause discontinuity of carbon mass were found at the 500th and 1000th crumpling. 
However, in the presence of 2D-Gn, mass continuity was maintained. The mechanical durability of 
the flexible substrate prevented a large increase in resistance under the repeated stress conditions The
increased resistance values of (3*+2+1)D and (3*+1)D did not significantly affect the electrical 
defects. There were insignificant resistance increase measured for the (3*+2+1)D having no mass 
change an no discontinuity evolution. On the other hand. the 2D-absent (3*+1)D showed a not-
serious-but-significant increase of resistance due to the microscopic cracks leading to mass 
discontinuity: resistance increase = 27 % for  (3*+1)D versus 10 % for (3*+2+1)D (Fig.2.13 b-h).
Therefore, the mechanically durable and electrically durable properties of multi-dimensional carbon 
composite electrodes did not significantly change in the cyclic voltammogram of an EDLC cell based 
on (3*+2+1)D even when bent and folded. there were no differences of galvanostatic cyclability 
between the unfolded cell, the 90-degree-bent cell and the completely folded cell during 10,000 cycles 
of repeated charge and discharge. And the capacity retention at the 100th cycle and at the 100,000th
cycle in the completely folded EDLC cell based on the (3*+2+1)D composite electrodes showed that 
92.4% and 71%, respectively. Also, these results confirmed that a light-emitting diode (LED) was 
emitted light even after the EDLC was rolled and crumpled, half-folded and twice half-folded (Fig. 
2.14).
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Figure 2.13. Flexibility of (3*+2+1)D or (3*+1)D on polymer substrates vesus 3D*|Al. Mass loss on 
repeated crumpling (a). Resistance developed along repeated folding (c to h). Top views around 
folding lines in SEM images at 0, 500 and 1000 times folding: (3*+2+1)D on the left versus 
(3*+1)right.
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Figure 2.14. Folded supercapacitors. CVs of flexible supercapacitors based on a symmetric 
(3*+2+1)D electrode configuration on bending at 0º, 90 º and 180 (b-e)
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2.4 Conclusion
We successfully fabricated a (3*+2+1)D carbon composite on flexible polymer substrate for 
flexible EDLC supercapacitors. Each dimensional carbon served as an electron pathway (1D-CNT), 
compensation of contact resistance (2D-Gn), and capacitive property, and was anchored to the 
substrate without a binder (1D-CNT). The (3*+2+1)D-based EDLCs were mechanically durable 
against bending, folding rolling and even crumpling without sacrificing energy densities. This work 
shows that architectural design of electrodes is important to fully utilize intrinsic capacitance or 
capacity of active materials and to make electrodes durable against mechanical stress.
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